ABSTRACT Thanks to its quick response, high precision and simple structure, piezoelectric micro-jet has been applied in various industrial fields. Especially in 3-D printing and surface coating whose accuracy has an important relationship with the spreading characteristics of the ejected droplets. A piezoelectric microjet, which can be used for 3-D printing and coating, is presented in this paper. The influences of excitation parameters on the spreading characteristics of ejected droplets are analyzed by a proposed tree dimension multi-physical coupling analysis method, in order to improve the ejection accuracy of the piezoelectric microjet. The spreading processes from the initial forming to the complete spreading of droplets are given. Based on the obtained results, the recommended adjustment schemes of excitation for improving the droplet spreading precision are given. Besides, the adjustment methods of ejecting distance and height are given to avoid the mutual interference during the process of droplet spreading. Experiments are carried out, the proposed coupling method and analysis results are proved to be effective.
I. INTRODUCTION
The piezoelectric micro-jet is a kind of micro-electromechanical device developed based on piezoelectric ink-jet. Thanks to the advantages of quick response, high precision, piezoelectric micro-jet is wildly used in industrial fields [1] - [6] , particularly in 3D priting [7] - [10] and surface coating [11] - [16] .The forming and motion characteristics of ejected droplets have been studied by researchers [17] - [19] . However, for the piezoelectric micro-jet used for printing and coating, the final ejection precision mainly depends on the droplet spreading characteristics. Many reserchers have studied the droplet spreading characteristics, but the proposed analysis methods are alwalys aimed at two-dimensional model and the studied influenced factors are mainly the motion characteristics (such as Weber number, Reynolds number, etc.) of the droplet after being ejected [20] - [25] . For piezoelectric micro-jet used for printing and coating, the factors which can be directly controled are the parameters of excitation. Thus, it is necessary to analyze the influences of excitation parameters on droplet spreading characteristics.
A piezoelectric micro-jet with traditional structure form is desinged in this paper. The desinged micro-jet can be used for 3D printing and coating by the method of ejecting solidable droplet on demand. The final solidfying results are different when ejecting different solidable materials, however, the solidfying results all depend on the spreading characteristics of the droplet before the solidification. Here, we mainly focused on the droplet spreading characteristics before its solidification.
For piezoelectric micro-jet applied for 3D pringting or coating, the response characteristics determines its efficiency, the final spreading diameter and height of droplet determine the final pringting precision. Besides, in some applications, the droplet should be ejected on flexible materials, such as transparent flexible printing circuit [10] , [26] - [28] , in order to ensure the target surface sitffness meet the reqirements, the contact pressure during the spreading process should be analyzed as well.
A three dimension muti-physical coupling method which can be used for normal piezoelectric micro-jet is proposed in this paper. The influences of pulse voltage amplitude, duty ratio on the droplet spreading statuses, contact pressure, response characteristics, final spreading diameter and height of droplet are analyzed. In order to improve the droplet spreading precision, the recommended adjustment schemes of excitation are given based no the analysis results.
For aoviding the mutual interference of ejected droplet, the ways to adjust the droplet ejecting distance and height are given as well. Experiments are carried out, comparing the results obained by coupling analyses and experiments, the coupling analysis method and results are proved to be effective.
II. STRUCTURE AND METHOD
A piezoelectric micro-jet with traditional structure form is designed in this paper, as shown in Fig. 1 .The piezoelectric vibrator is made by gluing a piezoelectric ceramic on a copper diagram. When pulse voltages are applied on the vibrator, the vibrator vibrates by the electromechanical coupling effect of the piezoelectric ceramic. Pressure waves are created in the fluid domain by the acoustic structure coupling between vibrator and the fluid. The magnitude of the pressure reduces gradually due to the propagation loss in the fluid domain. When pressure waves propagate to the nozzle part, droplets are pushed out and then formed by the gas-fluid two phase flow coupling. After the droplet is ejected out of the nozzle, the droplet continues to move to the target surface by the inertial force. Then, the droplet spreading process is completed by the fluid solid coupling between the droplet and the target surface. Besides, the pulse excitations used in the simulations and experiments are non ideal rectangular pulse waves, the processes of voltage rise and drop are non vertical. The nozzle diameter of the designed piezoelectric microjet is 0.1 mm. The thicknesses of the piezoelectric ceramic and copper diagram are 0.2 mm and 0.15 mm respectively. The effective diameters of piezoelectric ceramic and copper diagram are 17 mm and 18 mm respectively. The cone angle of nozzle is 120 • and the depth of the cavity is 4 mm. The piezoelectric ceramic is polarized along its thickness direction. The finite element model of the designed piezoelectric micro-jet is shown in Fig. 2 .
The multi physical coupling characteristics are analyzed by the finite element analysis software ANSYS and FLUENT. Firstly, the pressure at the nozzle part is obtained by analyzing the acoustic structure coupling characteristic between vibrator and fluid which are carried out by ANASYS. Then, the obtained pressure results are used as the pressure boundary conditions at the same place in the two phase flow coupling analysis, and droplet spreading analysis which are carried out by FLUENT. The analysis method can be described as shown in Fig. 3 . In acoustic structure coupling analysis, the vibrator is fixed by the outer ring of the copper diagram, the interface between the vibrator and fluid is set as FSI (Fluid Solid Interface). The interface between the shell and fluid is set as acoustic impedance boundary and the acoustic impedance value is depend on the material of the shell. In this paper, the impedance value of the shell (steel) is set as 4.54 × 10 7 kg/(m 2 · s). In the two phase flow coupling and droplet spreading analyses, the place, where the pressure obtained in acoustic structure coupling analysis, is set as the pressure inlet boundary. The values of the boundary condition are transmitted by UDF (User Defined Function) and based on the obtained results from acoustic structure coupling analysis. VOLUME 6, 2018 The interfaces between fluid and shell are set as walls, the boundaries of air part are set as pressure outlets. The target surface, where droplet spreads, is set as wall with contact angle as 150 • .
III. PREADING PROCESS OF THE DROPLET
The working frequency of the piezoelectric micro-jet is influenced by the coupling effect between the vibrator and the ejected fluid, and the obtained nozzle pressures are different when different working modes of the vibrator are selected. According to the structure form of the desinged piezoelectric micro-jet, the first mode of the vibtator after coupling with the fluid is selected as the working mode as shown in Fig.4 , the corresponding working frequency is 94 Hz. When pulse voltages with different voltage amplitudes and duty ratios are applied on the piezoelectric vibrator, the pressure reuslts at the nozzle part are shown in Fig.5 and Fig.6 respectively. As we can see that, the pressure peak value is mainly influenced by the voltage amplitued and the duty ratio mainly affects the time when the pressure at the nozzle changes to the negative value.
The velocity of the ejected droplet increase with the increase of the amplitude of the applied pulse voltage, and the number of the satellite droplets increase due to the increasing intensity of the tow phase coupling effect [29] . As the spreading characteristics of droplet are affected by the satellite droplets, the droplet spreading characteristics of the piezoelectric micro-jet, when applied pulse voltage with relative low and high amplitude, are analyzed. When the amplitude of the applied pulse voltage is 25V, the processes from initial forming of the droplet to the finishing of the droplet spreading are shown in Fig. 7 , where t represents time. As we can see that, there are no satellite droplets created at the tail of the main droplets due to the relative weak two phase flow coupling effect. After the droplet is totally ejected out of the nozzle, the droplet keeps moving to the target surface by the inertia force. The droplet spreads at the target surface and reaches the maximum spreading area due to fluid solid coupling effect after the droplet contact with the target surface. Then, the shape of the droplet changes due to the combined action of inertia force, surface tension and fluid solid coupling effect, and then become stable after a few cycles. The final spreading area of the droplet is less than the maximum area which first appears after the droplet contact with the target surface. The forming and spreading processes of the droplet, when the piezoelectric micro-jet is applied pulse voltage with the amplitude as 45V, is shown in Fig. 8 . We can see that, when the amplitude of the pulse voltage increase, the intensity of the two phase flow coupling effect increase, several satellite droplets are created at the end of the main droplet. Similarly, the droplet reach its maximum spreading area after the contact with the target surface, and its shape changes several cycles before stable. Besides, during the spreading process of the main droplet, the satellite droplets at the tail of the main droplet keep moving to the target surface and blend with the main droplet. We can see that, when satellite droplets are created at the end of the main droplet, the spreading process of the main droplet is not only affected by the surface tension and intertie force, but also influenced by the coupling effects between the main droplet and satellite droplets. As the velocity and volume of the main droplet are relative large than that of the satellites, the value of the maximum area obtained at the first time is still the largest area during the whole spreading process. Thus, when control the minimum spacing between two droplets in order to avoid the coupling effect between the two adjacent droplets, the maximum spreading area value obtained at the first time should be selected as the reference.
In order to make sure the stiffness of the target surface meet the requirements during the spreading process, the contact pressure characteristics should be analyzed. When the pulse voltage with amplitudes as 25V and 45V are applied on the piezoelectric micro-jet, the contact pressure characteristics during the spreading process are shown in Fig. 9 and Fig. 10 respectively, where D is the maximum spreading diameter occurred at the first time after the contact between the droplet and target surface. As we can see that, the maximum contact pressure occurs when the droplet spreading area reaches the maximum at the first time. The reason is that at this time, the droplet velocity is zero and the reverse force acting on the contact surface reaches the largest value. Comparing the two images, we can see that the pressure at the center of the droplet is the largest, and when the droplet deformation is stable, the contact pressure between droplet and target surface is not zero due to the surface tension of droplet. In addition, when there is no satellite droplet behind the main droplet, the contact pressure gradually decreases and tends to be stable after reaching the maximum value. When there exist satellite droplets at the end of the main droplet, new fluctuations of the contact pressure will be caused due to the collision between the satellite droplets and the main droplet as well as the fusion process. Therefore, when selecting material for target surface where the droplet spreading process occurs, we should ensure that the contact stiffness of the material is greater than the contact pressure when the droplet spreading area reaches the maximum at the first time, so as to reduce the influences of the contact deformation of the target surface during the droplet spreading process.
IV. THE SPREADING CHARACTREISTICS OF DROPLET
The spreading characteristics of droplet that should be studied include: the final spreading diameter which represents the ejection precision; the final spreading height which reflects the single layer thickness and determines the minimum feed value in height direction; the fluctuation time of the droplet formation which determines the minimum time interval of ejection; the maximum contact pressure which can be used as the reference for determining the material of the target surface.
The pulse excitation influences the motion characteristics of the droplets which affect the spreading characteristics of the droplets. Thus, the influences of pulse excitation parameters (amplitude and duty ratio of the pulse voltage) on the droplet spreading characteristics (the final spreading diameter and height of the droplet, the maximum spread diameter of the droplet, the contact pressure, and the fluctuation time of the droplet spreading process).
A. INFLUENCES OF AMPLITUDE
Based on the analysis results above, the maximum contact pressure of droplet occurs when the main droplet presents the largest spreading area after the first contact with the target surface. Therefore, in this paper, we mainly analyzes the droplet spreading state at this time.
The spread statuses of droplets under the pulse voltage with different amplitude pulses is shown in Fig. 11 , where V m represents amplitude of the pulse voltage. It can be seen that when the amplitude of the voltage is relative small, there is no satellite droplets formed at the tail of the main droplet due to the weak two phase flow coupling effect which is on account of the smaller droplet velocity and volume. With the increase of the amplitude of the pulse voltage, the number of the satellite droplets increase and the maximum spreading diameter of the droplet increase as well. Besides, when the voltage amplitude is large enough, the formation of satellite droplets occurs after the contact with the target surface, which makes the droplet still be linked with the fluid in the cavity (connected ejection) when the droplet reaches the target surface. When the spreading area of the droplet reaches the maximum, separation trend is created between the central part and the periphery part of the main droplet. Therefore, when the droplet motion and spreading response speed meet the requirements, we should reduce the amplitude of the pulse voltage appropriately to avoid producing connected ejection, and avoid the failure caused by droplet separation in the spreading process.
When the droplet spreading area reaches the largest value, the contact pressures created under pulse voltage with different amplitudes are shown in Fig. 12 . The horizontal axis represents the distance between the points in the contact area and the center of the droplet. Therefore, the maximum spreading radius of the droplet can be approximated to the coordinate value at where the contact pressure is nearly zero. We can also see that the contact pressure at the center of the droplet is the largest, and the contact pressure increases with the increase of pulse voltage amplitude. The reason is that the maximum particle velocity in the droplet occurs at its center, and the velocity of droplet increases with the increase FIGURE 12. The contact pressure between droplet and target surface.
of the pulse voltage amplitude, which makes the reaction force and contact pressure increase when the target surface is interacting with the droplet inertia force. Negative pressure is created at the location where droplet separation emerges. This is because that when internal flow of droplet flows to the center part and periphery part of droplet, with the effect of the surface tension, negative pressure is formed at the separation position due to the fluid outflow.
Thus, the spacing between two droplets should be increased with the increasing of pulse voltage amplitude, to avoid interference between the two neighbor droplets in the spreading processes. Besides, when the amplitude of the pulse voltage increases, the contact stiffness of the target surface should be increased to reduce the effects caused by droplet spreading on the system.
The spreading response characteristics of droplets when the piezoelectric micro-jet is applied pulse voltage with different amplitude is shown in Fig. 13 . The contact time represents the time when the droplet first contact with the target surface; the stable time represents the time when the droplet formation is finished; the fluctuation time represents the time interval between contact time and stable time. As we can see from Fig. 13 , the contact time decreases and the fluctuation time increases along with the increase of the pulse voltage amplitude. The reason is that the velocity of the droplet increases with the increase of pulse voltage amplitude which results in the decreasing of the contact time. The fluctuation time increases due to the increasing inertia force caused by the increasing velocity and volume of droplet when the amplitude of the pulse voltage increase. We also can see that the stable time of the droplet decreases at first and then increases. It is because that when the pulse voltage is relative small, although the fluctuation time of the droplet increases, the stable time is gradually reduced due to the smaller contact time. When the pulse voltage amplitude is relative large, the increasement of the fluctuation time is greater than the decrease of the contact time, which eventually leads to the increase of the stability time. Thus, in order to improve the response speed of the droplet spreading, the value of pulse voltage amplitude at the turning point should be selected.
The final spreading diameters and heights of the droplet ejected under the pulse voltage with different amplitude are shown in Fig. 14 and Fig. 15 respectively. As we can see that the final spreading diameter and height all increase along with the increase of the pulse voltage amplitude. Thus, when the amplitude of the applied pulse voltage increases, the spacing between neighbor two droplets and the feed in height direction all should be increased. For printing with the requirement of high precision, the pulse voltage amplitude should be reduced to improve the injection precision when the injection intensity and the response speed meet the requirements. On the premise of meeting the requirement of printing precision, the amplitude of the pulse voltage can be increased to increase the spreading efficiency. 
B. INFLUENCES OF DUTY RATIO
The spreading statuses of droplets, when the piezoelectric micro-jet is applied pulse voltage with different duty ratio, are shown in Fig. 16 , where α represents duty ratio. We can see that the maximum spreading area increases slightly with the increase of the duty ratio, and the overall spreading status changes little. Besides, the influences of the duty ratio on the contact pressure is little as well. The reason is that when the duty ratio of the pulse voltage increases, the volume of the droplet increases while the velocity of the droplet decreases which results in the little change in the interaction between the target surface and the droplet. Thus, the results of the contact pressure when applied pulse voltage with different duty ratios are not presented in here. The spreading response characteristic of the droplet, when applied pulse voltage with different duty ratios, is shown in Fig. 17 . As we can see that the contact time and stable time all increase with the increase of the duty ratio. The reason is that the velocity of the droplet decreases with the increase of duty ratio, and the resistance that the droplet is subjected to in the process of motion increases due to the increasing volume of the droplet. The fluctuation time increases due to the increasing volume of the droplet, which results in the increasing of the stable time.
The final spreading diameters and heights when applied pulse voltage with different duty ratios are shown in Fig. 18 and Fig. 19 respectively. We can see that with the increase of the duty ratio, the spreading diameter and height all increase gradually at first and then tend to be stable. Thus, when the duty ratio increases, the spacing between the droplets and the feed in height direction all should be increased in order to keep the stability of the printing and avoid the interference between droplets. Besides, for printing with the requirement of high precision, relative low duty ratio should be selected to improve the response speed and printing accuracy. 
V. EXPERIMENTS
In order to verify the analysis method and the results, experiments are carried out. Based the designed piezoelectric micro-jet shown in Fig. 1 , the corresponding prototype is manufactured and the experimental test platform is set up as shown in Fig. 20 .
The final spreading results of the ejected droplet can be obtained by the test platform. The pulse voltages created by the signal generator and amplified by power amplifier are applied on the piezoelectric micro-jet. The oscilloscope is used to check whether the applied pulse voltages are correct. The pressure stabilizer is used to stabilize the inlet pressure of the piezoelectric micro-jet, and the sheet glass is used as the target surface where the droplet spreading carried out.
Due to the limited laboratory conditions, it is difficult to measure the response characteristics and contact pressure of droplets. Only the final spreading statuses and spreading diameters are analyzed in this paper. The spreading statuses of droplet when applied pulse voltage with different amplitudes are shown in Fig. 21 . Due to the different velocities between the satellite droplets and the main droplet during the movement, we need to control the verticality of the nozzle and the horizontality of the target surface, so as to avoid the difference ejection position between the satellite droplet and the main droplet. As we can see from Table 1 . We can see that the results obtained by experiments are less than that obtained by coupling analyses. The reason is that in the coupling analyses, the piezoelectric micro-jet is working in ideal condition, while in experiments the volume of the droplets decreases due to the factors such as machining and assembling error, fluctuation of excitation signal, etc. The relative errors between coupling analyses and experiments are about from 20% to 40%, and the error decrease with the increase of the amplitude. Thus, the experimental results basically verify the validity and credibility of the droplet spreading results obtained by the coupling analysis.
VI. CONCLUTIONS
A piezoelectric micro-jet with traditional structure form and can be used for printing or coating is proposed in this paper. The influences of pulse voltage on the droplet spreading characteristics are analyzed by the proposed multi physical coupling analysis method. Experiments are carried out to verify the proposed method and the results, by comparing the results obtained by coupling analysis and experiments, the validity of the proposed methods and analysis results are basically proved.
The following conclusions are obtained: when the motion characteristics and the spreading response speed of the droplets meet the requirements, the amplitude of the pulse voltage should be appropriately reduced to avoid the failure caused by the connected ejection and droplet separation; when the amplitude and duty ratio of the pulse voltage increase, the printing spacing and the feed in height direction should be increased so as to avoid interference between the neighbor droplets during spreading process; when high precision spreading characteristics are required, the amplitude and duty ratio of the pulse voltage should be reduced.
The droplet spreading characteristics are also influenced by the properties of the ejected fluid. In future work, we will analyze the effects of fluid properties on droplet spreading characteristics and improve the experimental conditions.
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